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ABSTRACT: Nanocrystalline Li 3 VO 4 dispersed within multiwalled carbon nanotubes (MWCNTs) was prepared using an ultracentrifugation (uc) process and electrochemically characterized in Li-containing electrolyte. When charged and discharged down to 0.1 V vs Li, the material reached 330 mAh g −1 (per composite) at an average voltage of about 1.0 V vs Li, with more than 50% capacity retention at a high current density of 20 A g −1 . This current corresponds to a nearly 500C rate (7.2 s) for a porous carbon electrode normally used in electric double-layer capacitor devices (1C = 40 mA g −1 per activated carbon). The irreversible structure transformation during the first lithiation, assimilated as an activation process, was elucidated by careful investigation of in operando X-ray diffraction and X-ray absorption fine structure measurements. The activation process switches the reaction mechanism from a slow "two-phase" to a fast "solid-solution" in a limited voltage range (2.5− 0.76 V vs Li), still keeping the capacity as high as 115 mAh g −1 (per composite). The uc-Li 3 VO 4 composite operated in this potential range after the activation process allows fast Li + intercalation/deintercalation with a small voltage hysteresis, leading to higher energy efficiency. It offers a promising alternative to replace high-rate Li 4 Ti 5 O 12 electrodes in hybrid supercapacitor applications. KEYWORDS: Li 3 VO 4 , ultracentrifugation, hyperdispersion, ultrafast charge storage, initial electrochemical activation, varied energy efficiency C onventional symmetrical carbon supercapacitor or an electric double-layer capacitor (EDLC) is an energy storage device having extremely fast charging− discharging characteristics, remarkable stability, and long cycle life.
1,2 Thus, EDLCs are used mainly in applications where instant power is required for a short time (few seconds). The energy density of supercapacitors is low and needs to be enhanced to further expand their applicability. A promising route to fulfill this goal is to design hybrid supercapacitors where an activated carbon electrode is combined with a largecapacity faradic (battery-like) electrode, producing larger energy density than conventional EDLC.
Recently, a new nc-Li 4 Ti 5 O 12 (LTO)/LiBF 4 (PC)/activated carbon(AC)) hybrid system called a nanohybrid capacitor (NHC) was proposed, with tripled energy density compared to that in EDLC systems. 3 The NHC is capable of fast charging and discharging (at a rate up to 300C, that is, 12 s) for more than 20 000 cycles. To further increase the energy density, one way is to replace the high potential LTO electrode (1.55 V vs Li/Li + ) with other negative electrodes operating at lower redox potential.
Li 3 VO 4 (LVO) has been recently reported to reversibly intercalate up to 2 Li per LVO at low voltage (0.1−1.0 V vs Li), leading to a capacity of 394 mAh g ), which is detrimental to achieving high-power performance. It shows as well a large voltage hysteresis between charge and discharge (about ∼500 mV) that limits its use as a negative electrode in electrochemical energy storage devices. 9−15 In addition, the Li insertion mechanism has not been fully elucidated. 16, 17 Although it is reported that no drastic structural change occurs during the whole reaction because the pristine LVO is recovered after cycling, the change in the electrochemical signature observed between the first and subsequent discharges remains unclear. 4,17−20 Accordingly, LVO is a lowvoltage anodic material with large capacity, but the rate capabilities need to be improved to be used as a faradic electrode in hybrid supercapacitors. 21 In this paper, we report the synthesis, structure, and electrochemical characterizations of LVO/ multiwalled carbon nanotube (MWCNT) composite materials prepared using the ultracentrifugation process, 3 leading to nanosized LVO (10−50 nm) hyperdispersed in the MWCNT matrix. MWCNTs were selected because of their compatibility/dispersibility with the raw materials such as vanadium, lithium sources, and polymeric chelating agents in aqueous media. 22 The capacity of the composite reached 330 mAh g −1 when cycled in a potential range of 2.5 V down to 0.1 V vs Li. It shows high power capability, with more than 50% capacity retention at 20 A g
This current corresponds to a nearly 50C rate for LVO (1C = 400 mA g ). A careful investigation by means of in operando X-ray diffraction (XRD) and X-ray absorption fine structure (XAFS) measurements revealed the existence of an irreversible structure transformation during the first lithiation reaction, assimilated as an activation process. This activation switches the reaction mechanism from a "two-phase" to a "solid-solution" process in a limited potential window (2.5 V down to 0.76 V vs Li). In this potential range, the Li + intercalation occurs with a small voltage hysteresis, leading to higher energy efficiency and ultrafast Li insertion kinetics that are required for hybrid supercapacitor applications.
RESULTS AND DISCUSSION
Structural Characterizations. Comparison of the XRD patterns of the ultracentrifugation (uc)-derived Li 3 VO 4 (LVO)/ MWCNT composite ( Figure 1a ) together with the LVO prepared using a conventional synthesis route 23 ( Figure 1b ) and the reference LVO (ICDD # 01-073-6058, Figure 1c) shows that all Bragg peaks can be indexed using the orthorhombic structure of Li 3 VO 4 with the space group Pnm2 1 ; the broad extra peak located close to 2θ = 28°c orresponds to the 002 peak of MWCNTs. The broadening of the peaks of the uc-prepared sample indicates small particle sizes. The thermogravimetric analysis (TGA) of the composite (Figure 1d ) and the pristine MWCNT (Figure 1e) give a composition of 40 wt % MWCNT and 60 wt % of LVO for the composite. Also, it shows that all of the ethylene glycol derived polymers were successfully removed from LVO/MWCNT composites during calcination at 300°C in air. Transmission electron microscopy (TEM) investigations show that the composite is made of LVO particles clearly identified by the lattice fringes of (010) and (002) planes (Figure 2b) , exhibiting a size below 50 nm ( Figure 2a ) and homogeneously dispersed, in agreement with previous results on Li 3 Figure S1 . The 58% decrease in BET surface area may result in a decrease of the nonfaradic (double-layer) contribution. However, what impacts the capacity as well as the rate performance most is the contribution arising from the composited LVO nanocrystals that have a 60 wt % ratio in the composites (see the section Electrochemical Characterizations).
Electrochemical Characterizations. The investigation of the electrochemical behavior of the uc-composite at 0.02 A g −1 within the full potential window (Figure 3a) shows a voltage profile similar to those of LVO samples prepared using conventional routes. 23 Two shallow plateaus can be seen below and beyond 0.76 V vs Li during the discharge, corresponding to a capacity of 2Li + inserted per LVO, 4,24−31 which confirms that the uc treatment does not alter the LVO electrochemical behavior. The investigation of the effect of uc treatment on the rate performances of LVO has been carried out on both charge (delithiation) and discharge (lithiation). The charge curves at different current densities and fixed discharged current (0.02 A g capacity loss is more pronounced, and a capacity of 157 mAh g −1 corresponding to 50% of the capacity at a low rate is obtained at 20 A g −1
. The charge (lithiation) rate characteristics are shown in Figure 3b . Different from the results obtained during discharge, an important capacity fade appears at low current rates, which is beyond 0.1 A g −1 .
The origin of such a difference is related to the kinetics of the Li insertion− deinsertion mechanisms of LVO, which is going to be discussed in the following sections.
In Operando XRD and XAFS Studies. In operando XRD and XAFS were used to investigate the Li insertion mechanism into the LVO during galvanostatic cycling at low current density (0.02 A g , corresponding to 0.1 Li exchanged per LVO per hour) to be as close as possible to the steady state. XRD patterns collected every 0.05 Li exchanged during the first and second cycles are represented in Figure 4C , together with corresponding voltage curve and V−O bond distances deduced from X-ray absorption near-edge structure spectra (panel D). The number of electrons (x) used in Figure 4 corresponds to the number of Li per LVO formula and will be used to characterize the state of charge/discharge in the following. The first discharge starts with almost no visible change in the pristine material structure, in agreement with MWCNT redox activity ( Figure S2 ). This irreversible capacity of the MWCNTs during Li intercalation explains the difference in the capacity observed between the first and subsequent cycles and will not be considered in the following description. Then, for 0.5 Li inserted per LVO formula, the progressive disappearance of LVO Bragg peaks and the growing of a new set of peaks, very close to that of pristine LVO (see Figure 4A ), show the existence of a two-phase mechanism which ends for x = 1 with the formation of a new phase, named phase A in the following. Beyond 1 Li intercalated, a progressive shift of the Bragg peaks position indicates a solid-solution mechanism which corresponds to the insertion of Li in this newly created phase A (Li-A phase) and extends to about 1.5 Li intercalated ( Figure S3A ). Beyond 1.5 Li inserted, a second two-phase mechanism occurs with the progressive disappearance of the Li-A Bragg peaks and the growth of a new set of peaks (see Figure S3B ) associated with a new phase named phase B in the following. During further lithiation down to 0.1 V vs Li, the slight shift of the Bragg peak location seems to indicate a solid-solution reaction mechanism, corresponding to the insertion of extra Li in phase B (see Figure S3B) . A total number of 2 Li per LVO is inserted at 0.1 V vs Li. During the first charge, the extraction of Li from the lithiated Li-B phase and the two-phase transformation phase B/lithiated phase Li-A are observed (see also Figure S4 ), indicating the reversibility of the latter processes. Further charge leads to a solid-solution mechanism, which extends up to the full extraction of Li at 2.5 V vs Li. This clearly shows that, after the first cycle, the fully charged compound (at 2.5 V vs Li) corresponds to a delithiated phase A and that the system does not convert back to the initial structure of Li 3 VO 4 . This is confirmed by the evolution of the XRD patterns during the second discharge, where a solid-solution process is observed in the 1.5−0.76 V vs Li voltage range, without any evidence of the two-phase mechanism LVO/phase A (see Figure 4B) . Accordingly, in this voltage range, the first discharge corresponds to an activation process with the growing of the phase A, which is the electrochemically active phase and which will never convert back to pristine Li 3 VO 4 . With further increases in the lithiation number (below 0.76 V vs Li), the twophase reaction mechanism between lithiated phase Li-A and phase B is observed. These results clearly differ from previous studies, which consider the existence of a solid-solution mechanism Li 3+x VO 4 and a reversible structure change from lithiated Li 3+x VO 4 to fully reduced phase B. These different interpretations can be explained by the fact that XRD patterns of the pristine LVO and phase A are similar in relative intensity and close to each other in Bragg angle position. The careful examination of XRD pattern evolution using samples with small changes in Li content allowed us to clearly show during the first discharge the two-phase process and during both first charge and second discharge its irreversibility, as evidenced by the conversion to a solid-solution process. This irreversibility also explains that the difference between the first and second cycle, which was already reported in the literature, 4 was still subject to debate. Different from the irreversibility between Li 3 VO 4 and phase A, the reversible behavior between phase A and phase B can be seen in both XRD patterns and EXAFS spectra. The reversible shift of V−O bond distances between 1.7 and 2.0 Å occurs at 0.5 V (over 1.5 Li insertion) in the region of the reversible two-phase reaction between phase A and phase B.
The structure determination of both phases A and B as well as the reaction mechanism path allowing the successive transformations is currently under investigation.
Hysteresis and Morphology Change. In operando XRD study indicates that the Li insertion in LVO/MWCNT, after the electrochemical activation, involves two new phases, phase A and phase B. The lithiation of phase A proceeds via a solidsolution (one-phase) mechanism from 2.5 V down to 0.5 V vs Li (up to 1.5 Li), while further lithiation proceeds via a twophase reaction between phase A and phase B from 0.5 V down to 0.1 V vs Li (corresponding to 1.5−2 Li inserted per LVO formula). To investigate the effect of such a reaction pathway on the voltage hysteresis during cycling, charge−discharge tests were conducted at different cutoff voltages with and without electrochemical activation. Namely, a pristine sample (LVO/ MWCNT) was charged/discharged within a limited voltage range between 2.5 and 0.76 V vs Li. Another sample (noted as phase A/MWCNT) was first electrochemically activated by cycling between 2.5 and 0.1 V vs Li and then cycled within the same voltage range (2.5 and 0.76 V vs Li). The charge− discharge curves are shown in Figure 5A . The pristine LVO/ MWCNT (without activation) shows a clear plateau indicating a two-phase reaction mechanism ( Figure 5A, left plot) . This demonstrates that as long as the conversion of Li 3 VO 4 into phase A is not complete, phase A is in a metastable state and is converted back to pristine Li 3 VO 4 . This is in perfect agreement with previously reported results showing that the XRD pattern collected ex situ differs from the one collected in operando. [17] [18] [19] [20] 28 The full discharge down to 0.1 V (electrochemical activation) leads to the transformation of pristine Li 3 VO 4 into phase A and then phase B, which prevents the system from being converted back to pristine Li 3 VO 4 . In that case, the sloping electrochemical signature ( Figure 5A , right plot) confirms the solid-solution mechanism. Another key feature associated with the electrochemical activation is the important decrease of the voltage hysteresis between discharge (lithiation) and charge (delithiation), indicating that the reversible transformation from A to B via a two-phase mechanism mainly accounts for the hysteresis. Interestingly, the hysteresis became even smaller after activation (<90 mV) compared to that without activation (<150 mV), as shown in Figure 5B .
Finally, the impact of the electrochemical activation on charge (delithiation) and discharge (lithiation) rates has been investigated by cycling the material in different potential ranges. As a general trend, the electrochemical activation improves the charge and discharge kinetics, as can be seen from Figure 5C . A first noticeable effect of the electrochemical activation is the capacity increase (115 and 100 mAh g −1 after and without activation, respectively), which may originate from the improvement in the Li electrochemical accessibility of the active material after the full insertion/deinsertion of 2 Li per LVO. 18−20 The capacity retention at both high charge (delithiation) and discharge (lithiation) current density was largely enhanced after the activation. At a rate of 5 A g −1
, 90 mAh g −1 of charge capacity and 33 mAh g −1 of discharge capacity were maintained for the sample after activation, while only 55 mAh g −1 (charge) and 17 mAh g −1 (discharge) were kept for the sample without activation. For a high charging rate of 12 A g −1 , 60 mAh g −1 (over 50% of that at 0.1 A g −1 ) was maintained for the sample after the activation, which is higher than that without activation (33 mAh g
−1
). Here, in the limited voltage range (2.5−0.76 V vs Li), we did not see any appreciable growth of the solid electrolyte interface (SEI), leading to the degradation of the power performances. Hence, the effect of the SEI on the rate capability is assumed to be negligible in the limited voltage range we tested. Although improved by the electrochemical activation, the lithiation reaction rate is still limited compared to that of delithiation, thus indicating an electrochemical kinetics limitation intrinsic to the material. However, these results show that, when cycled within a limited potential range after electrochemical activation, uc-LVO/MWCNT can be a promising alternative candidate for replacing LTO as negative electrodes in hybrid supercapacitors. CONCLUSIONS Nanocrystalline Li 3 VO 4 (LVO), highly dispersed within multiwalled carbon nanotube matrix composites, was prepared by an in situ ultracentrifugation process and characterized as a potential candidate for negative electrodes in hybrid supercapacitors. The uc-LVO/MWCNT capacity composite reached 330 mAh g −1 in Li-containing electrolytes, with 50% capacity retention up to 20 A g −1 (a rate of about 50C). In operando XRD and XAFS studies revealed the irreversible structure transformation during the first lithiation reaction. This irreversible transformation, assimilated as an electrochemical activation process, switches the reaction mechanism from a "two-phase" (Li 3 VO 4 /phase A) to a fast "solid-solution" (phase A/Li-A) in a limited potential range (2−0.76 V vs Li). Charge/ discharge tests down to 0.76 V vs Li show that the origin of the hysteresis mainly comes from the two-phase reaction (Li-A → phase B). The capacity retention at both high charge (delithiation) and discharge (lithiation) rates was largely enhanced after the activation. Charge capacity and discharge capacity of 90 and 33 mAh g (over 50% of that at 0.1 A g −1 ) was maintained for the sample after the activation, which is higher than that without activation (33 mAh g The obtained powder made of LVO, MWCNTs, and polymer was calcinated at 300°C under air for 3 h to remove the polymer and left to cool to 100°C. A last flash annealing at 800°C under N 2 atmosphere (100−800°C in 3 min; no dwell; 20 min cooling to room temperature) was achieved to form the LVO/MWCNT composite. The flash annealing was made to prevent the particle from growing or agglomerating, as previously reported for the preparation of LVP composites. 22 Physicochemical Characterization of the Li 3 VO 4 /MWCNT. Phase identification and structure analysis were done by X-ray diffraction (Rigaku SmartLab, Cu Kα radiation, λ = 1.54056, operating at 45 kV, 200 mA). The XRD patterns were recorded in the 10−80°2 θ range with a step rate of 0.1°min −1 . The Li 3 VO 4 /MWCNT nanostructure and particle size distribution were characterized using high-resolution transmission electron microscopy (Hitachi model H9500, 300 kV). TGA was performed under synthetic air (20% O 2 , 80% N 2 ) using a thermogravimetric and differential thermal analyzer (Seiko Instruments, TG/DTA6300). The specific surface area was obtained from N 2 adsorption−desorption isotherms (Bel Japan, Inc., BELSORP-max).
Electrochemical Characterizations of Li 3 VO 4 /MWCNT Composite Materials. The 2032-type coin cells were assembled using Li 3 VO 4 /MWCNT (cathode) and lithium metal (anode) electrodes. Cathodes were prepared by mixing the Li 3 VO 4 /MWCNT composite with polyvinylidene difluoride in a 94:6 mass ratio in n-methyl pyrrolidone; no conducting additives were added to the composite. The mixture was then coated on a Cu foil (current collector) and dried at 80°C under vacuum (ultimate vacuum = 0.67 Pa) for 12 h. The electrode was ca. 20 μm thick with a weight loading in the range of 1.5−2.0 mg cm −2 . The electrolyte was a 1.0 M solution of lithium hexafluorophosphate (LiPF 6 ) dissolved in a mixture of ethylene carbonate (EC)/diethyl carbonate (DEC) (50:50 vol ratio) and was supplied from Kishida Chemicals (water content <50 ppm). One layer of 25 μm thick polypropylene (PP) film (Celgard2400) was used as the separator. Charge−discharge tests were performed between 0.1 and 2.5 V vs Li under constant current mode at various current densities ranging from 0.02 to 20 A g −1 (HJ-SD8, Hokuto Denko Corp.). To assemble the in operando XRD cell, we used two separators: one layer of a 50 μm thick glass fiber separator (Nippon Kodoshi Corp.) and an additional layer of PP separator to avoid any short circuit between uc-LVO/MWCNT and lithium metal electrodes (see Figure S5) .
In Operando XAFS Measurements. In operando X-ray adsorption fine structure measurements at the V K-edges were performed on the composite samples in transmission mode at the beamline BL14B2 of the synchrotron radiation facility Spring-8 (Hyogo, Japan). Laminatetype two-electrode cells (pouch cells) were assembled using a lithium metal foil as the negative electrode and the Li 3 VO 4 /MWCNT composite as the positive electrode. Charge−discharge tests were performed within a 0.1−2.5 V voltage range during the first and second cycles at a rate of 0.02 A g −1 . XAFS spectra were recorded at various constant potentials after 20 min at the steady state. The obtained XAFS spectra were analyzed using the spectra fitting software REX2000 (Rigaku Corp.) to evaluate the ratio of V species with different oxidation states, such as V 5+ (as prepared Li 3 VO 4 /MWCNT) and V 3+ (electrochemically reduced down to 0.1 V Li 3 VO 4 /MWCNT).
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